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ABSTRACT 

Rectification characteristics of non- superconducting metal-barrier- 
metal junctions deduced from electronic tunneling have been observed 
experimentally for optical frequency irradiation of the junction. The 
results provide verification of optical frequency Fermi level modulation 
and electronic tunneling current modulation. 
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.. We wish to report evidence of optical frequency., rectification with 
small-area potential barriers located between two normal metallic con- 
ductors. Experimental observations are in agreement with semi-classical 
predictions based upon electronic tunneling induced by an optical fre- 
quency modulation of the Fermi levels of the metals on either side of 
the barrier. 

Since the thickness and cross-section area of the barrier are much 
smaller than the wavelength, the rectification ca.n be described quasi- 
statically in terms of the current-voltage (I-V) characteristic. An 
adequate semi-classical treatment assumes a free-electron model and a 
potential harrier modified from a trapezoidal shape by the influence of 
surface charges, in part due to the images of the tunneling electrons - 
in the two metals (Fig. 1). The I-V characteristic is then given byV 

I f (v) = J f {? fex p(-A f *j /2 ) - (£ f + eV)exp[-A f W f + eV) 1/2 ]}; V > 0 

(1) 

I r CV> . - J r Ui r - eV)exp[-A r « r - eV) 1/2 ] - ^expC-A^ 2 ) } ; V < 0 

1^ is the forward current and 1^ the reverse current where V is positive 

when the higher work function metal (metal 2) is negative with respect 

to the other metal (metal 1). The current is of the same sign as the 

voltage. The definitions of the parameters and the potential barrier 

1/2 

profiles are given in Fig. 1: = [47rAs/h] (2m*) , i - f, r and 

As = where S 2 and s^ are the classical turning points given 

by (x) = 0 and <J>^(y) “ 0 respectively, m* is the effective electronic 

C*2 

mass in the metals. = I <}> f (x) dx/Ax and ^ = 

. *1 




(y)' dy/As. These average barrier potentials and 4* r can be written 

as - eg^V, i = f , r where and $ i vary slowly with voltage and 

2 

3^ = (s^ + s^)H&. - ae/[27rh(As) }» where e is the magnitude of the 

electronic of the electronic charge, h Planck's constant and cr the 
contact area. . ’ 

The significant features of the experimental results to be dis- 
cussed are well explained by assuming that the most important conse- 
quence of the radiation field is the potential drop across the barrier 

2 

between the two metals. Thus 

V(t) = V, + v(t)cos mt • (2) 

o . 

where is the bias voltage and v(t) is the envelop of the induced 
voltage at frequency w/2-jr of the irradiating field. Substituting ‘ 

Eq. (2) into Eq. (1), and then averaging the tunneling current over 
a period of the optical oscillation gives the rectified current: 

IT . 

I rect (t> " ^ I(V b + v(t)cos0)de/2ir (3) 

— TT 

where 0 - ait and v(t) is assumed to be slowly varying over one optical 
cycle. It is understood that 1=1^ when its argument is positive and 
I = I r otherwise. 

Numerical calculations have been performed assuming the optical 
voltage envelop v(t) to be a square wave with a period 2i r/fi. For the 
rectified component at Q/2 tt, plotted as a function of the bias voltage 
in Fig. 2, the optical voltage amplitude is sufficiently small for the 
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signal to be directly proportional to the second derivative d 2 I/dV 2 

evaluated at the bias point of the I— V characteristic taken at frequency 
3 

co/2ir. For any thickness of the barrier d 2 I/dV 2 < 0 at V v = 0 so that 

b 

^ or zero bias is predicted to be negative. 

The striking evolution of the profiles with increasing barrier 

thickness displays curvature in the I-V characteristic which is a direct 
consequence of the optical Fermi modulation and the basic tunneling 
model as represented by Eq. (1). 

For thin barriers (s < 72) , the-V -V fe profile is, to a good approx- 
imation, a straight line with negative slope (curve I). Thus the I-V 
characteristic has a negative curvature for positive bias and positive 
curvature for negative bias. Since for this range the linear conductance 
is large and dominates, this curvature change is not apparent in the I-V 
characteristic which is linear to within a percent or less. As the 
barrier thickness is increased to an intermediate range (72 - s < 7.52) 
although the linear conductance still dominates the I-V characteristic, 
the ~ V b P rofile and hence the curvature in the I-V characteristic 
evolves to an ' "—shape (curve III) . This behavior indicates a compli- 
cated I-V characteristic in which the curvature changes four times as 
V b is varied from a large negative value to a large positive value. 

As s is increased further (7. 52 - s < 12X) , an exponential increase 
in with increa sing V b occurs in the " "-shaped profile near = 0 

(curve IV). It is noted in addition that the two biases V* and V~ at 

b b 

which changes sign increase in absolute value as s is increased. 

Finally for s large (s ^ 122), the most familiar and expected be- 
havior is predicted, that of an exponentially increasing V 0 displaying 

# “t 

the essential features of Eq. (1) for a relatively large value of A 
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(curve V). This experimentally corresponds to the transition or field 

4 • - . - ' 

emission region. The linear conductance no longer dominates and the 

exponential dependence is readily apparent in the I-V characteristic. 

The evolution in the -V^ profile with barrier thickness can he 

reasonably described with an analytical expression for ^ rect ( t ) obr 

tained by expanding the square roots in the exponentials of Eq. (1). 

Keeping only the terms linear in v(t) and defining a parameter 
- - 1/2 

z ± - ^ib A ib^ib^ * one obtains 

_i /o _ 

1 wct (t> = J i ex P ( - A ib^ib ){ *ib [I o (z i v) - « - SibVl^zp). 

(4) 

-j iex p(-A lb q b 1/2 ){q b [i 0 ( zi vj _ 1 ] . s . b v Il{z - v) } 

The subscript b indicates evaluation of the parameters at the bias 

V b ; 1 * f when \ - 0 and i = r when V b < 0. The primed parameters 
are identical but with B ±b replaced by 1 - g^. I Q and I ± are the 
modified Bessel functions of zeroth and first order, respectively. 
Further expansion of Eq. (4) in terms of v and gives the expansions 
discussed earlier 5 for thin barriers. 

Detection experiments using an arrangement similar to that de- 
scribed in Ref. 5 have verified the detailed V Q -V b evolution deduced 
above. In the experiments, a 6-mW, 6328-X He-Ne laser beam was 
chopped at 886Hz and focused onto metal-metal point contact junction 
(tungsten whisker on a gold post). The phase-sens it ively detected 
voltage signal at 886Hz, plotted as a function of bias, is shown in 
Fig. 3. Various junction resistances are achieved by varying the contact 
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pressure (a large junction resistance corresponds to a large barrier 
thickness). 

The measured signal is negative at V, 0 for all junction resistances 

b 

agreeing with the theoretical, prediction. One also observes linear 

profile with negative slope for a small junction resistance (< 2fi). For 

large junction resistance (> 5Mft) the profiles are exponential with a 

positive slope. ^ The intermediate regime in which a transition from one 

to the other occurs is also evident and displays the detailed evolution 

predicted theoretically; The exponential increase in with for 

small is apparent in many of the profiles which display a turning-over 

of the signal with a large bias voltage. 

These experimental results verify the predictions of optically 

modulated electronic tunneling theory for the metal-barrier-metal junction 

behavior. The characteristic experimental evolution of the V^-V^ profiles 

for changing resistance is a direct consequence of optical rectification 

1/2 

and, in particular, of the variation of the tunneling parameter y = Aa 

Hence the evolution of the V^-V^ is predicted over some range of s for 

any set of values of the various junction parameters such as <J>^, $ 2 * E » 

* 

m . 

The junction, on the basis of the present results, mixing experiments^ 

and re-radiation experiments demonstrates a microscopic time response 

which is at least as short as the inverse of the visible frequencies. 

* 

The upper limit of this time response is expected to be the time taken for 
the electrons to tunnel through the barrier between the two metals which 
has been shown to be as short as 10 
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FIGURE CAPTIONS 


Fig. 1. Simplified energy bend diagram for a metal-barrier-metal- 

structure* E_ is the Fermi energy of metal 1 and E„ is the 
F 1 f 2 

Fermi energy of metal 2. tj)^ and are the work functions of 

the two metals. S is the barrier thickness- The effective 

potential taken with respect to E_ for a forward based junction 

F 2 

(metal 2 negative with respect to metal 1) is a ^ - 

2 

(A<j>.+ ev)x/s - Xs /x(s-x). Where Acf> = ^ X, which specifies 

' 2 ’ 

the amount of induced surface charge is equal to 1.15 e &n 2/8 ttcs 

for plane parallel geometry and charge induced by the tunneling 

electrons (image charge), e is the dielectric constant of the. 

barrier. For a reverse bias the effective potential with 

2 

respect to E-, is <J> (y) = $ • + (A$ + ev) y/s - Xs /y(s-y) where 

........ t ^ . r i . 

y = s-x. 

Fig. 2a. Theoretical calculations of the I-V, characteristics using 

Si b 

Eq. (3) for the short circuit current and the circuit diagram 


shown for the equivalent circuit of the detection electronics. 


G x" § 


„ from Eq. (1) G. is the shunt conductance 
v b b 


associated with the bias circuit and G is the combined load 

L 

resistance of the lockin amplifier, and X-Y recorder equal to 
2*10 \ The device area S - 10 ^cm^, the optical voltage 

v = .15V, <f>^ = 4. 38eV, ^ = 4.46, A<j> = 0.08. Curves I-III 
have respectively barrier thickness, 5 of 6.9, 7.1 and 8.4A 


G x ” g l + G b 


1.2 5 <10~ 6 J2*' 1 , For curve IV s = 8.75A and 


G t ~ G b « SxlCf^Sf 1 . For curve V s = 16A and G^ « 
= 1.2xl0‘" 6 «’ 1 . 



Fig. 2b. Experimentally measured V *-V, characteristics as obtained from 

it b 

tungsten whisker on platinum point contact diodes of varying 
tunneling conductances. The detection electronics of Fig. 2a 
is applicable. The zero bias junction conductances for 
» curves I-IV are .SvT 1 , lO" 2 ^" 1 , 2*lcT 3 n~ 1 and 5*10“ V" 1 

respectively. For curve V G = Kf 7 ^ -1 making + G_ 

T V =0 B L 

D 

dominant. • 
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